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form of subgrade soil stabilization. Native trees grown along rail corridors increase the matric suction of
the subgrade through the root water uptake associated with the evapo-transpiration by the tree canopy.
One of the most important aspects in subsoil improvement through native vegetation is the effect of
osmotic suction attributed to solute uptake by active root hairs. The current study offers to capture the
effect of matric and osmotic suction to overcome the existing empirical relations which are applicable
mainly for site-specific controlled conditions. Moreover, the proposed computational model relates the
water and solute uptake with the rate and magnitude of evapo-transpiration of tree canopy. The results
show the importance of considering osmotic suction, especially in saline soil in the presence of trees.
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ABSTRACT: The ‘green corridor’ concept along the railway lines is an emerging research area in bio-engineering as form of subgrade soil
stabilization. Native trees grown along rail corridors increase the matric suction of the subgrade through the root water uptake associated
with the evapo-transpiration by the tree canopy. One of the most important aspects in subsoil improvement through native vegetation is the
effect of osmotic suction attributed to solute uptake by active root hairs. The current study offers to capture the effect of matric and osmotic
suction to overcome the existing empirical relations which are applicable mainly for site-specific controlled conditions. Moreover, the
proposed computational model relates the water and solute uptake with the rate and magnitude of evapo-transpiration of tree canopy. The
results show the importance of considering osmotic suction, especially in saline soil in the presence of trees.
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1.

INTRODUCTION

Demanding growth of infrastructure facilities has been lead to build
major railways and highways on soft soils. Therefore, it is important
to discover more sustainable, cost effective and eco-friendly
methods for ground improvement. Among many engineering
approaches for soft soil stabilisation, use of geosynthetic liners, prefabricated vertical drains (Indraratna et al., 2000) and chemical
additives (i.e. lime, lignosulfonate) have proven to be promising.
Tree root reinforcement is another popular and well established
method that is practiced around the world, especially in sloping
ground (Barker, 2001). The ‘green corridor’ concept introduced in
mid-2000s for Australian railways through the Cooperative
Research Centre for Railway Engineering (e.g. Indraratna et. al.,
2006) via growing native trees along rails or highways can be an
effective method for stabilising soft subgrade in low-lying tracks.
Tree root network provides reinforcement to the soil ground. Docker
and Hubble (2001) and Norris and Greenwood (2000) showed that
larger tree roots provide an anchorage effect while the smaller roots
have the ability to increase the apparent cohesion, which together
would increase soil strength. Moreover, root water uptake by tree
roots increases the matric suction of soft soil beneath the
substructure and accelerates the process due to tree canopy evapotranspiration. Additionally, root nutrient uptake also plays a
significant role in increasing the osmotic suction near the root zone
due to the change in dissolved salt concentrations in pore water.
Soil suction mobilized in the soil represents both matric and osmotic
suction. The osmotic suction is usually ignored in conventional
unsaturated soil mechanics, because of the insignificant value of
osmotic suction in the absence of vegetation, and/or convenient
neglect of the soil salinity. If there is a change in the solute
concentration of pore fluid, it results in changing the inter particle
repulsive forces and the thickness of the double diffusive layer
(Barbour, 1987). van’t Hoff’s approximation (Equation 1) captures
the changes in repulsive forces through osmotic suction (Barbour,
1987).
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(1)

concentration gradient will result. Excess pore water pressure is
dissipated at the root zone, as a function of the evapotranspiration
induced root water uptake. Therefore, it will increase the matric
suction in the surrounding soil. The rate of root water uptake is
primarily governed by species of trees (rate of root growth, root
distribution, and the distribution of canopy area), soil type
(hydraulic conductivity and soil suction, etc.) and the atmospheric
conditions (temperature and humidity).
This paper presents a novel approach that quantifies the overall
effect of suction through water and nutrient uptake by roots
associated with the rate and magnitude of evapo-transpiration
through the tree canopy. The developed root water and solute uptake
model incorporates key factors such as soil matric suction, osmotic
suction, active root density distribution and potential transpiration.
For the osmotic suction model, passive nutrient uptake, which
describes the mass flow and root uptake of solutes (dissolved in
groundwater), is taken into account. Accordingly, this study offers
to geotechnical engineers, an in-depth understanding of how native
vegetation can be used to improve the soil stability along transport
corridors.
2.

CONCEPTUAL MODEL

Fatahi et al., (2007), Fatahi et al., (2010), Fatahi et al., (2014) and
Indraratna et al., (2006) proposed that the rate of root water uptake
(S(r,z,t)) is proportional to root density function (G(β(t)), Potential
transpiration (F(TP(t))) and matric suction factor (f(ψm(t)))
(Equations 2-6).
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where, ψπ is the osmotic suction, R is the universal gas constant and
T is absolute temperature. Therefore, it is important to evaluate the
fluctuations in osmotic suction with time, which include native trees
for soil stabilization. Osmotic suction stems from the solute uptake
by roots that create a concentration gradient around the root zone.
Solute transport near the root zone occurs by mass flow and
molecular diffusion where nutrients/salts are absorbed by roots only
in their dissolved form in pore water (Simunek and Hopmans,
2009); therefore, when solute uptake commences, a subsequent

(2)

tanhk3  dV


V t

TP 1  k 4 z max  k 4 z 

G 1  k 4 z max  k 4 z dV

(3)
(4)

(5)

19th Southeast Asian Geotechnical Conference & 2nd AGSSEA Conference (19SEAGC & 2AGSSEA) Kuala Lumpur 31 May – 3 June 2016

3.

METHODOLOGY

The continuity equation (Equation 10) and the advection dispersion
equation (Equation 11) were used to model the rate of root water
uptake and rate of solute uptake by tree roots. The parameters S and
S* have been included in the continuity equation (Equation 10) and
the advection dispersion equation (Equation 11) as sink terms,
respectively. According to Bresler and Hoffman (1986) and Shouse
et al., (2011), S* term presented here is neglected in simulation, thus
neglecting the effect of osmotic suction.
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Feddes et al., (1978)’s model included only the matric suction to
depict pressure head. The total suction or the arithmetic addition of
matric and osmotic suction could be included in Equation 2, as
suggested by van Genuchten (1987) (Equation 7).
(7)

In the current study, the osmotic suction is captured through the
threshold-slope function proposed by Mass and Hoffman (1977)
(Equation 8).
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Table 1 Model parameters
Parameter
Value
βmax
25 m-2
k1
1.5
k2
2
r0
7m
z0
3m
k3
8.74 x 10-2 m-1
k4
0
TP
9 mm/d
rmax
15 m
zmax
9m
ψan
4.9 kPa
ψd
40 kPa
ψw
3000 kPa
ks
5 x 10-9 ms-1
a
832 kPa
b
5%
D
1.33x10-9 m2s-1
The results obtained from simulations
data presented in literature (Table 2).

Reference
Indraratna et al., (2006)
Knight (1999)
Knight (1999)
Indraratna et al., (2006)
Indraratna et al., (2006)
Indraratna et al., (2006)
Indraratna et al., (2006)
Dunin et al., (1985)
Indraratna et al., (2006)
Indraratna et al., (2006)
Feddes et al., (1976)
Feddes et al., (1976)
Indraratna et al., (2006)
Indraratna et al., (2006)

were compared against field

Table 2 Field sites used for model comparison
Filed location

where, f(ψπ) is the osmotic suction factor, a is the salinity threshold
expressed as a pressure and b is the slope expressed in percentage
(kPa-1). The total suction was expressed as the summation of matric
suction (Equation 6) and osmotic suction factors (Equation 8), as
shown in Equation 9.
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The above equations were solved using ABAQUS (FEM) code, and
the sink terms presented in Equations 10 and 11 were used in
tandem with the simulations based on PYTHON subroutines. Table
1 lists all the parameters incorporated in the model.

where, βmax is the maximum root density, k1 and k2, are empirical
coefficients, k3 and k4 are experimental coefficients, V is total
volume, zmax is the maximum vertical distribution of roots, z0 is the
vertical distance from surface to the maximum root density, r0 is the
horizontal distance from tree trunk to maximum root density, ψm is
the matric suction, ψan is the lowest value of ψm at maximum S, ψd is
the highest value of ψm at maximum S, ψw is the soil suction at
wilting point.

S * (r, z, t )  G( (t )) F (TP (t )) f ( (m, ))

(10)

where, θ is the volumetric moisture content, k is the hydraulic
conductivity, Re is the retardation coefficient, C is the sum of molar
concentrations of all anions and cations in the solution, D is the
diffusion coefficient and v is the Darcy velocity. Once the change in
concentration is found from Equation 11, the change in osmotic
suction can be calculated from Equation 12.

Figure 1 Root zone used for the conceptual model
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Holden Hill site, South
Australia
Miram site, Victoria
Horsham site, Victoria
Emerald site, Queensland
Wal Wal site, Victoria

Distance from
tree trunk
10 m

Reference

3m
4m
7m
12 m

Potter (2005)
Potter (2005)
Potter (2005)
Potter (2005)

Jaksa et al., (2002)

According to Marcar et al., (2000) and House et al., (1998), the
salinity levels in Victoria and Queensland are 50-100 mS/m and
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800-1000 mS/m, respectively. In the current study, an average
salinity level of 500 mS/m was used to depict field conditions.
4.

RESULTS AND DISCUSSION

Figure 2 shows the change in solute concentration calculated by
Equation 11. Subsequently, the change in osmotic suction can be
calculated using Equation 12. The field results presented in Figure 3
are from the averaged values given for a certain distance from the
tree trunk. All the presented model results are for one year period of
simulation. Model predictions and field data are in reasonable
agreement, given the different species of gum trees and varying field
conditions. Moreover, the maximum root densities for field data
were not given, but assumed as r0 = 7 m and z0 = 3 m for all gum
trees, for the purpose of obtaining a solution.

Figure 4 Change in matric suction (after Indraratna et al., 2006)
Figure 4 shows the results of matric suction by Indraratna et al.,
(2006), where it is higher at the location of maximum root density
zone, and this can be attributed to the optimum rate of root water
uptake. Figure 5 is a summation of the results plotted in Figures 3
and 4, which shows the total suction at different depths. The
measured field results are in acceptable agreement with the model
predictions.

Figure 2 Change in concentration of solutes

Figure 5 Total suction at different depths

Figure 3 Change in osmotic suction
There is a clear increase in the osmotic suction near the location of
maximum root density (Figure 2). The reason for this is that the root
water uptake and solute uptake are considered to be analysed
simultaneous in the numerical simulations. When the solute uptake
is high, there is a reduction in solute concentration within the pore
water. Therefore, solutes adhered to soil particles will be desorbed
and also, diffused from the neighbouring soil. This will increase the
solute concentration near the maximum root zone, thereby resulting
in an increase in the osmotic suction.

These results indicate the increase in total suction near the
maximum root density zone and the gradual decrease away from it.
The model predictions are in line with the field data and therefore,
this proposed model can be utilised to predict the changes in total
suction near tree roots with some confidence for similar native
vegetation and ground conditions. However, more tree-soil
combinations need to be analysed to calibrate the model for greater
reliability prior to its use as a general model.
5.

CONCLUSION

The use of concentration gradients to predict the change in osmotic
suction proved to be a realistic and reliable method when compared
with the measured field data. The maximum change in osmotic
suction was observed near the maximum root zone (up to 640 kPa).
Moreover, the total suction was predicted to be around 4500 kPa,
which is similar to that observed for the gum tree from Emerald site.
Therefore, it is important to consider osmotic suction in models for
predicting the total suction induced by evapo-transpiration.
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The proposed theoretical model proves that finite element method
can be used to simulate tree root suction generation in the soil, as
long as the relevant parameters for given root uptake conditions can
be accurately represented. Such models can be realistic where the
tree root density and geometry can be discretised (e.g. in FEM
codes) to represent the prototype conditions.
The use of total such incorporating the osmotic suction in the model
is distinctly different to the conventional unsaturated soil mechanics.
In a field situation, the correct understanding of the tree root
moisture uptake, evapo-transpiration rates and the levels of soil
salinity become critical factors for such models to be applied with
confidence.
The numerical model is in good agreement with the field data
reported in literature. This instils confidence in using this model for
similar tree-soil conditions, while encouraging it to be coupled with
an independently developed root reinforcement model as a
comprehensive model for bio-engineering of green corridors.
6.

ACKNOWLEDGEMENT

The authors would like to acknowledge funding received from the
Australian Research Council (ARC) and the industry partners, GHD
Pty Ltd, City of Salisbury and Transport for New South Wales.
7.

REFERENCES

Barbour SL (1987) Osmotic flow and volume change in clay soils.
PhD Thesis, University of Saskatchewan.
Barker DH (2001) Innovative bioengineering techniques for rapid
slope stability. Geotechnical Engineering. H Li ed., Swets
and Zeitlinger, Lisse. 697-702.
Bresler E and Hoffman GJ (1986) Irrigation management for soil
salinity control: theories and tests. Soil Sci. Soc. Am. J. 50:
1552–1560.
Docker BB and Hubble TCT (2001) Strength and distribution of
casuarinas glauca roots in relation to slope stability. In
Geotechnical Engineering (Ho KKS and Li KS (eds)). Swets
and Zeitlinger, Lisse, pp. 745–749.
Dunin FX, McIlroy IC and O’loughlin EM (1985) A lysimeter
characterization of evaporation by eucalypt forest and its
representativeness for the local environment. In The Forest–
Atmosphere Interaction (Hutchinson BA and Hicks BB
(eds)). Reidal, Dordrecht, pp. 271–291.
Fatahi B, Indraratna B and Khabbaz H (2007) Soft Soil
Improvement Induced by Tree Root Suction. Australian
Geomechanics Journal 42(4): 13-18.
Fatahi B, Khabbaz H and Indraratna B (2010) Bioengineering
ground improvement considering root water uptake
model. Ecological Engineering 36(2): 222-229.
Fatahi B, Khabbaz H and Indraratna B (2014) Modelling of
unsaturated ground behaviour influenced by vegetation
transpiration. Geomechanics and Geoengineering 9(3): 187–
207.
Feddes RA, Kowalik PJ, Kolonska-Malinka K and Zaradny H
(1976) Simulation of field water uptake by plants using a soil
water dependent root extraction function. Journal of
Hydrology 31(1–2): 13–26.
Feddes RA, Kowalik PJ and Zaradny H (1978) Simulation of Field
Water Use and Crop Yield, Simulation Monograph.Pudoc,
Wageningen, pp. 9–30.
House S Dr, Nester M, Taylor D, King J Dr and Hinchley D (1998)
Selecting Trees for the Rehabilitation of Saline Sites in
South-East Queensland. Technical Paper 52, Department of
Primary Industry Queensland.
Indraratna B, Fatahi B and Khabbaz H (2006) Numerical analysis of
matric suction effects of tree roots. Geotechnical
Engineering, ICE 159: 77-90.

Indraratna B and Redana IW (2000) Numerical modelling of vertical
drains with smear and well resistance installed in soft clay.
Canadian Geotechnical Journal 32: 132-145.
Jaksa MB, Kaggwa WS and Woodburn JA (2002) Influence of large
gum trees on the soil suction profile in expansive soils.
Australian Geomechanics Journal 37(1): 23–33.
Knight JH (1999) Tree Water Use and its Implications in Relation to
Agroforestry Systems. Rural Industries Research and
Development Corporation (RIRDC), Kingston, Australia, pp.
25–78, Water and Salinity Issues in Agroforestry No. 5,
RIRDC Publication No. 99/37, RIRDC Project No. CSM4A.
Marcar N, Crawford D, Leppert P, Jovanovic T, Floyd R and
Farrow R (2002) Trees for saltland; a guide to selecting
native species for Australia, CSIRO Press, Melbourne
Victoria, Australia.
Norris JE and Greenwood JR (2000) In-situ shear strength and pullout testing to demonstrate the enhanced shear strength of
root reinforced soil. Land Slides, Research, Theorey and
Practice, B. E. D. N. a I. M., ed., Thomas Telford Books,
Britain, pp. 1123-1128.
Potter W (2005) The Feasibility of Improving Rail Infrastructure by
Using Native Vegetation on Clay Soils. Master of
Engineering Thesis, University of South Australia.
Shouse PJ, Ayars JE and Simunek J (2011) Simulating root water
uptake from a shallow saline groundwater source.
Agricultural Water Management 98: 784-790.
Simunek L and Hopmans JW (2009) Modeling compensated root
water and nutrient uptake. Ecological Modelling 220: 505521.
van Genuchten MTh (1987) A numerical model for water and solute
movement in and below the root zone, Unpublished
Research Report, U.S. Salinity Laboratory, USDA, ARS,
Riverside, CA.

